Structure, function and regulation of Na,K-ATPase in the kidney  by Jørgensen, Peter L.
Kidney International, Vol. 29 (1986), pp. 10—20
Structure, function and regulation of Na,K-ATPase
in the kidney
PETER L. JØRGENSEN
Institute for Physiology, Aarhus University, Aarhus, Denmark
All zones of mammalian kidney, except the papilla, are
abundant sources of Na,K-ATPase. The inner stripe of the red
outer medulla of rabbit or pig kidney served as the starting
material for the first successful purification of the Na,K-pump
or Na,K-ATPase [1j. In this tissue the basolateral cell mem-
branes of the predominant structure, the medullary thick as-
cending limb of Henle (MAL), are tightly packed with Na,K-
pump sites in a concentration exceeding 40 million sites per cell
as estimated by [3H]-ouabain binding [2]. The pure preparation
has been an ideal object for studying organization of the protein
in the membrane 13—51 and for establishing structure-function
relationships [6]. The pump protein retains its assymmetric
orientation in the membrane, Formation of two-dimensional
crystals suitable for image analysis can be induced by incuba-
tion in vanadate solution [6—8]. Immunologically the renal
Na,K-ATPase is identical to the Na,K-pump in other mamma-
lian tissues, including that in human red cells. Antibodies to the
pure renal Na,K-ATPase are therefore available for immuno-
precipitation studies of biosynthesis of the pump and for
identification of the protein in other mammalian cell systems.
Figure 1 illustrates how the Na,K-pump provides the driving
force for widely different active transport processes in discrete
nephron segments (compare [9]). This diversity of the transport
processes does not reside within the pump per Se. Despite the
apparent heterogeneity, the function of the Na,K-pump remains
the same in all nephron segments, that is, to maintain electro-
chemical gradients for sodium (Na). They form the driving
force for secondary active transport of nutrients such as glucose
and aminoacids, of metabolites such as citrate or succinate, of
ions like protons, calcium, phosphate or chloride. Nat-grad-
ients that are maintained by the Na,K-pump also provide
energy for secretion of organic acids like PAH and penicillin or
of the diuretics furosemide and bumethanide and for the con-
centration and dilution of the urine. Only in a short segment of
the nephron, the collecting ducts, is it the primary purpose of
the transcellular transport process to control the excretion of
the substrate of the pump, Nat.
The concentration of Na,K-pump sites and provision of
metabolic energy determines the capacity of the transcellular
transport, but the nature and direction of solute transport in
discrete segments depend on the Na-coupled carriers and the
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membrane conductances. Proper control of the integrated
transport systems requires precise coordination of Na,K-pump
function with that of a number of other structures. In contrast to
the detailed information available about the structure and
function of the pure renal Na,K-pump, little is known about the
structure of the carriers that mediates X .tNa-driven second-
ary active transport of other solutes. An equally important gap
is the lack of information about the mechanisms for cellular or
hormonal control of the tubular transport processes.
The purpose of this article is to discuss recent information
about the structure and function of the Na,K-pump proteins and
the control of pump functions in kidney tubules. The nature of
E1-E2 transitions in the a-subunit and their relation to cation
binding, occlusion, and translocation in the reaction cycle will
be examined to identify rate-limiting steps and points for
regulatory control of the pump turnover rate. Cellular and
humoral mechanisms for regulation of Na,K-pumping in kidney
tubules will be discussed relative to the results of new methods
for determining the concentration of [3H]-ouabain binding sites
in isolated tubules.
Structure of the pure renal Na,K-pump
The purification procedure. Membranes from the inner stripe
of the bright red outer medulla form the starting material. The
principle is to keep the Na,K-pump embedded in the membrane
while extraneous proteins are extracted by incubation with
sodium dodecyl sulphate in the presence of ATP [13]. The
membrane-bound Na,K-ATPase can be recovered in a single
isopycnic centrifugation in a zonal rotor. The preparation is 90
to 100% pure with respect to the content of the specific
proteins, the a-subunit with Mr 93,000—106,000 and the j3-
subunit with Mr 36,000 plus carbohydrate and with respect to
phosphorylation and binding of the inhibitors ouabain and
vanadate [4].
Soluble and fully active a/3-unitsare prepared by mixing pure
membrane-bound Na,K-ATPase with C12E8 in proper condi-
tions [14]. The soluble af3-units each bind one molecule of ATP
[15] and reconstitute directly into phospholipid vesicles to
catalyze active Na,K-transport at high rates [14].
Ultrastructure of the Na,K-puinp. To our knowledge, the
Na,K-pump was first observed as distinct surface particles by
electroninicroscopy after negative staining of pure membrane-
bound Na,K-ATPase [16, 17]. The membranes appear as
rounded discs studded with a uniform population of particles
(l2,500/m2) with diameters up to 5 nm. The protein can also be
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Fig. 1. Model for primary active NA transport coupled to ATP
splitting by Na,K-ATPase and secondary active transport of solutes in
coupling with Na transport along its gradient (pNa). Carriers
mediating Na-coupled secondary active transport are placed in numer-
ical order along the nephron. In PCT and PR carriers numbered 1-6
have been identified in isolated membrane vesicles (91. In MAL and
CAL transcellular NaCl transport consists of primary active Na-
transport and secondary active Cl-transport coupled to Na-transport
across lumen membrane by Na,K,Cl-cotransport system [10—12].
Recirculation of K through the Ba-sensitive K-channel maintains the
membrane potential and the driving force for flux of Cl- from cytoplasm
to blood.
visualized as intramembrane particles alter freeze-fracture rep-
lication [16]. The orientation of the protein remains asymmetric
in the pure membrane-bound Na,K-ATPase with particle-rich
and -poor fracture faces. The distribution of particles is similar
to that seen alter fracture of basolateral cell membranes in the
intact tubule cells of the MAL and in right-side-out vesicles of
the plasma membrane [18]. In contrast, random orientation of
Na,K-pump proteins is seen in reconstituted phospholipid
vesicles prepared by mixing soluble Na,K-ATPase and excess
phospholipid [19]. The intramembrane particles with a 9-nm
diameter correspond to Na,K-pump molecules because the
frequency of particles is proportional to the amount of Na,K-
ATPase used in reconstitution and the density of particles is
related linearly to the capacity for active Na-transport over a
range of 0.2 to 16 particles per vesicle [19].
Molecular shape and subunit structure in membrane crystals.
Na,K-pump molecules floating in the lipid bilayer are packed
tightly in the disc-shaped membrane fragments of the pure
preparation. The a-subunit in the lipid phase amounts to 6 to 8
m corresponding to almost 1 g protein/mi of lipid phase. In
these conditions of supersaturation, stabilization of the protein
in the E2-conformation in vanadate or phosphate medium
favors formation of crystalline arrays. The protein particles
associate in a two-dimensional lattice with bond energies that
sufficiently compensate for the loss of translational and rota-
tional entrophy of the freely moving particle. Within hours alter
the incubation begins, linear polymers (some of them dimeric)
Fig. 2. Two-dimensional crystals formed in vanadate (A) or in phos-
phate (B), magnification (x410,000), and the corresponding computer-
reconstructed images (C, D). Selection of well-ordered crystalline
arrays was made by optical diffraction. Images suitable for further
analysis were densitometered at 20-p intervals. Projection maps were
calculated using the Fourier transform amplitudes and phases collected
at the reciprocal lattice points [7]. The protein-rich regions (positive
regions) are drawn with unbroken contour lines while negative stain
regions have dashed lines. In the reconstructed images 1 mm corre-
sponds to 2.8A. The unit cell dimensions are in C: a 53 A, b = 51 A,
7 = 1200; and in d: a = 135 A, b = 44 A, y = 1010 [36].
are observed in the membranes. Later these polymers associate
laterally to form extensive two-dimensional arrays [6, 8].
Computer-based image processing of electron micrographs of
the negatively stained crystals shows that the symmetry in the
vanadate crystal is p1' and that the unit cell contains one
c43-unit, Figure 2. The part of the particle protruding above the
plane of the bilayer is a compact structure with a diameter close
to 50 A. The unit cell in the arrays grown in phosphate medium
'p1 and p21 indicate the lattice symmetry of the two-dimensional
crystal using the nomenclature of the two-sided plane groups with one
axis chosen to be perpendicular to the plane of the crystal [20].
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Fig. 3. Thin sections of paired membranes produced by bathing the
enzyme in crystallisation medium and then fixing the pellet with
tannic-acid glutaraldehyde. In A it is seen that a given membrane
fragment can establish associations with several other fragments. In B
is shown a transverse view with small particles at each side. The paired
structures are formed through interaction of cytoplasmic protein pro-
trusions of the Na,K-ATPase. (Reproduced with permission from [231).
has two strong positive regions and contains two af3-units. The
symmetry is p21' and two af3-units occupy one unit cell. These
regions are subdivided into one large and one smaller peak
possibly corresponding to a- and /3-subunits, respectively [71.
Supporting this interpretation, tryptic cleavage of the a-subunit
alters the shape of the body in the crystal while the smaller peak
or hook is unaffected [21]. The hook representing the /3-subunit
can also be observed in monomer crystals when the resolution
is sufficiently high [21]. The a/.3-unit is therefore the minimum
asymmetric unit of Na,K-ATPase in the membrane, but the
protein crystallizes in two principally different forms, a mono-
mer p1 and a dimer p21 form, It is probable that the dimer
represents a transitory stage in the formation of the monomeric
crystal since linear polymers consisting of paired protein units
are seen during the formation of vandate-induced crystals.
Using the same techniques, the Ca-ATPase from
sarcoplasmic reticulum also forms two-dimensional crystals
[221. In parallel to the larger molecular weight due to the
presence of the /3-subunit, the a-lattice dimensions of Na,K-
ATPase is 40% larger than that of Ca-ATPase as it accommo-
dates a hook-like structure which the Ca-ATPase lacks [1, 211.
The length of the Na,K-pump molecule. Formation of paired
membranes in thin sections of the crystalline membrane-bound
Na,K-ATPase, Figure 3, allows estimation of two important
parameters of the Na,K-pump molecule, the total length of the
molecule, 10.5 to 12.5 nm, and the length of extensions of the
protein into the cytoplasmic and extracellular phases [231.
These structures are formed by protein-protein associations
between cytoplasmic aspects of two membranes each com-
posed of crystalline arrays of Na,K-ATPase. Assuming that the
thickness of the bilayer between the phosophorous atoms is 4.8
nm, it can be calculated that the protein extends 5 nm beyond
the cytoplasmic surface, but only I to 3 nm beyond the
extracytoplasmic surface. These estimates agree with studies
using labeling of the protein surface showing that the mass of
the protein is asymmetrically distributed across the bilayer with
three to four times more surface area on the cytoplasmic side of
the membrane than on the extracellular side [24]. Fluorescence
data also gave distances of 7 to 8 nm between binding sites for
ATP at the cytoplasmic surface and the site for ouabain at the
extracellular surface [3, 25].
Analysis of crystals thus provided the first direct observa-
tions of molecular shape, diameter, and length of the Na,K-
pump. It should be remembered that negative staining reveals
only hydrophilic features at the surface, while structural detail
of lipid embedded portions or the path of polypeptide chains
remain obscure. Further information requires elimination of the
stain and the use of low-dose electronmicroscopy of more
extensive and regular two-dimensional crystals. Another per-
spective is crystallization in three dimensions. Successful tech-
niques are developed for small membrane proteins [26], but so
far not for the large ion pump molecules.
Subunit structure. The a/3-unit is the minimum functional unit
of pure renal Na,K-ATPase both in the membrane-bound form
and in the soluble, fully active state in C,2E8; but the possibility
that formation of (a/3)2-complexes is required for active Na,K-
transport is not excluded. Each soluble a/3-unit binds one ATP
molecule and performs the Na,K-ATPase reaction, but the
stoichiometry of ATP binding in the membrane-bound state is
more uncertain. Recent data show that soluble a/3-units un-
dergo E,-E2 transitions and that a-a-subunit interaction need
not be involved. This is consistent with the notion that a single
a/3-unit can catalyze the whole series of intermediary reactions
and cation transport reactions that normally occur in the
membrane [27].
Disposition of the a-subunit and /3-subunit in the membrane
Both the a- and the /3-subunit are lipid-embedded and possess
transmembrane segments [28]. The mass of a-subunit exposed
on the cytoplasmic surface is three- to fourfold larger than that
at the extracellular membrane surfaces [24]. In contrast most of
the mass of the /3-subunit including the carbohydrate is located
at the extracellular surface. The path of the a-subunit in the
membrane has been traced by determining the sidedness of
cytoplasmic proteolytic splits and the localization of mem-
brane-embedded segments relative to residues involved in
formation of sites for ouabain and ATP at the two-membrane
surfaces [4, 281. In the Figure 4 model it is illustrated how the
catalytic functions are executed in cytoplasmic domains that
are separated by intramembrane segments.
Several attempts have been made to determine the amino
acid sequence of a-subunit and /3-subunit. Progress has been
surprisingly slow, and only short sequences around the phos-
phorylation site and ATP binding area and the NH2-terminus
have been determined as yet [4]. The problem is that hydro-
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Fig. 4. Model for the organization of a-subunit and /3-subunit in the
membrane (above) and for the path of the a-subunit protein chain in the
membrane and the motion of the chain in E1-E2 transitions (below). The
encircled numbers mark the sites of primary tryptic cleavage in KCI (I)
and (2) or NaCI (3) and chymotryptic cleavage in NaCl (3). In the E1P
conformation, bonds 2 and 3 are exposed to cleavage while bond 1 is
protected. Transition to E2P is accompanied by protonation of an
ionizable group close to the NH-terminus. In the E2P conformation,
bond 3 is protected while bond 1 is exposed to trypsin and the position
of bond 2 is such that it is cleaved secondary to cleavage of bond I
within the same a-subunit. It is proposed that transition from E1P to
E2P is accompanied by movement of a part of the segment containing
the aspartyl phosphate from a relatively hydrophilic to a more hydro-
phobic environment. The segment between bonds 2 and 3 is proposed to
engage in cation binding and formation of the pathway across the
membrane.
phobic peptide chains precipitate when the protein is split for
sequence analysis. It is likely that the aminoacid sequences will
be determined on the basis of mRNA and DNA structures, but
selection of the correct cDNA clone from a library demands
prior knowledge of unique parts of the sequence.
Biosynthesis and assembly of the Na,K-pump protein
After a period of uncertainty several laboratories now find
that the a-subunit is synthesized in membrane-bound
polysomes and cotranslationally inserted into the membrane
without a signal sequence [29, 30]. After labeling with [35S]-
methionine the a- and /3-subunits are isolated from cultured
cells and cell-free systems by immunoprecipitation with affinity
purified antibodies, The unglycosylated /3-subunit is detected as
a chain with Mr 38,000 in cells treated with tunicamycin which
blocks glycosylation in endoplasmic reticulum. After glycosyla-
tion in the endoplasmic reticulum, the molecular mass of the
f3-subunit reaches 45,000 daltons. Secondary stage glycosyla-
tion in the Golgi increases the molecular mass to about 60,000
daltons in a monensin-sensitive step [311. The /3-subunit is
thought to be involved in integration and proper orientation of
the a-subunit in the membrane, but the mechanism and site of
assembly of the two proteins is not known.
Earlier studies suggested that the a-subunit was synthesized
in free polysomes and discharged to the cytoplasm before
insertion into the surface membrane [31, 32]. This would be the
first case of an eukaryotic transmembrane polypeptide reaching
the plasma membrane without prior cotranslational insertion in
the endoplasmic reticulum. Post-translational insertion of the
a-subunit would also differ from synthesis of sarcoplasmic
reticulum Ca-ATPase in membrane-bound polysomes and
cotranslational insertion without a signal sequence [33]. The
Ca-pump protein shares numerous characteristics with the
a-subunit of Na,K-ATPase, including molecular weight and
sequence homologies around the sites for binding of ATP and
phosphate.
Recent data suggest that the a-subunit undergoes transfor-
mation from an inactive to an active form while en route from
the site of synthesis to the surface membrane. Pulse labeling
with [35S1-methionirie in combination with photolabeling with
NAB-ouabain [29] shows that newly synthesized Na,K-pump
molecules are delivered to the cell surface with a T 1/2of50 mm.
If the cell membranes are disrupted before reaction with NAB-
ouabain, it appears that newly synthesized Na,K-ATPase,
before it reaches the cell surface, can bind ouabain supported
by Mg2 plus P1, but not by Mg2 plus ATP. The newly
synthesized Na,K-pump thus seems to be blocked in an E2-
conformation that binds P and ouabain, but conveniently
enough, it may be unable to assume the E1-form and hydrolyze
ATP before it reaches the cell surface.
Reaction mechanism of Na,K-pump
The E1-E2 conformational change is a large
structural transition
The conformational change in the a-subunit was detected as
a difference in exposure of bonds to tryptic cleavage in NaCI or
KCI medium [34]. In addition to the bonds exposed to
proteolysis, there is evidence that the structural change in-
volves tryptophan residues [35], sulfhydryl groups, ionizable
groups, and intramembrane segments [4]. Circular dichroism
spectroscopy shows that Na,K-ATPase contains a roughly
equal mixture of a-helical, /3-sheet, and random coil structures
[361. The major structural transition between E1 and E2 involves
an a-helix to /3-sheet transition of about 7%. This is a relatively
extensive change in secondary structure involving at least 80
aminoacid residues.
Relation of E1-E2 transition to cation exchange
The main question is whether this rather large motion in the
protein is coupled to cation translocation, From 1975 to 1978,
when these changes in protein structure were first described,
the E1-E2 transitions detected by tryptic digestion [34] or
fluorescence changes [35] were considered to be coupled to the
actual movement of cation across the membrane, Na extru-
sion to E1P-E2P and K uptake to E2-E1 transition, as illus-
trated in the scheme in Figure 5. The dephosphoenzyme ex-
changes K for Na at the cytoplasmic surface and the
phosphoenzyme exchanges Na for K at the extracellular
surface, but these exchange reactions involve only minor per-
turbations of protein structure. These views gain strong support
in a series of experiments on partial cation exchange reactions,
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Fig. S. E1-E2 reaction cycle of the Na K-pump with ping-pong sequen-
tial cation translocation. Combination with ATP and release of ADP
and P occur on the cytoplasmic surface. Cation sites are exposed to the
cytoplasmie surface in E1-forms. Binding of Na is a condition for
transfer of 7-phosphate from ATP to the aspartyl group in a-subunit.
Phosphorylation is followed by occlusion of 3 Na per phosphate
group. In the E2-form Na cation sites are exposed to the extracellular
medium where Na is released and binding of K, is coupled to
hydrolysis of the phosphoenzyme. Dephosphorylation is followed by
occlusion of 2 K*. Uptake of K is associated with E2-E1 transition and
accelerated by ATP. Na and K within brackets denote occluded
ions.
selective proteolytic cleavage, cation binding and occlusion,
and presteady-state ion fluxes.
Cation fluxes in absence of other ligands. In absence of
ligands other than the monovalent cations, the Na,K-pump can
be operated as a carrier mediating passive ouabain-sensitive
fluxes in a direction opposite to that of the ATP-dependent
active Na,K-transport [37]. As compared to the rate of the
active Na,K-transport at 24°C, 30 to 40 Na/sec/a-subunit, the
passive fluxes are slow, 0.1 Na/sec, but also in this case the
conformational change in the protein is the rate-limiting step.
The relative flux rates for a given cation of the series Rb , K,
Cs', Nat, or Li correlate with the relative rates of the
conformational transition E2—E1 in presence of that cation.
The experiment therefore demonstrates that the cation induced
transitions in absence of other ligands also are accompanied by
translocation.
Cation binding and occlusion
In absence of other ligands Rb or K binding to cytoplas-
mic sites of Na,K-ATPase enter an occluded state within the
molecule where they are unable to exchange with ions in the
medium [11]. Also, in the course of the working cycle the
Na,K-pump passes states in which Na or K are occluded.
Rb catalyzing hydrolysis of the phosphoenzyme enter the
occluded state from the extracellular surface. Release of the
occluded Rb is regulated by ATP and P, in the sense that they
control the rate and the route by which Rb leaves [38]. The
rate in the forward direction of the cycle is increased by ATP
and reversal is increased by P. This mechanism ensures tight
coupling of cation flux to ATP hydrolysis and the rate and
direction of pumping is determined by the relative concentra-
tions of the ligands ATP and P.
The E1P-form of the protein can occlude three Na ions per
phosphorylation site [39]. Demonstration of the occluded form
requires that the a-subunit is stabilized in the E1P form by
cleavage of bond 3 with chymotrypsin in NaC1 medium [6]. The
rate constants involved in occlusion and release of Na from
the occluded state are consistent with the view that occlusion of
intracellular Na in an (3Na)E1P-form of phosphoenzyme and
its release to the exterior after transition to the 3NaE2P-form
are responsible for translocation of Na through the pump, as
shown in Figure 5.
Na-Na and K-K-exchange and selective proteolytic cleav-
age. Selective proteolytic cleavage of bond 3 in NaCI or bond 1
in KC1 (Fig. 4) has been a useful tool for examining the
relationship between conformational change and cation
translocation. The transitions between E1P and E2P are possible
after cleavage of bond 1 with tryp sin in KCI. This split does not
interfere with either exchange reactions. In contrast cleavage of
bond 3 with chymotrypsin in NaCI blocks the conformational
transition from E1P to E2P and uncouples phosphoryl transfer
from cation exchange [6]. The 1:1 isotope exchange of Na yt for
Na1 requires the presence of both ADP and ATP, and it is
coupled to transition between E1P and E2P involving only the
right-hand part of the scheme in Figure 5. The exchange of
Rb1 for requires both ATP and P, and the exchange is
coupled to transitions between RbE1ATP and RbE2P [401
through the left-hand part of the reaction scheme in Figure 5.
The data illustrate the tight coupling of cation exchange reac-
tions to transitions between E1P and E2P.
The reaction cycle. The relationships between ion move-
ments, phosphoryl transfer, and E-E2 transition are shown in
the E1-E2 scheme in Figure 5. In the normal clockwise opera-
tion, the major structural transitions between E1 and E2 forms
of the a-subunit constitute the cation translocation steps, Na-
extrusion involving the E1P-E2P transitions and K-uptake the
E2K-E1ATP transition. Na and K are transported in se-
quence, Na first and then K in a ping-pong, sequential
reaction.
As alternatives to the E1-E2 scheme, Skou [41] and Plesner et
al [42] have proposed reaction cycles where E1P and E2P are
not intermediates in the Na,K-dependent reactions. They ques-
tion whether transition rates of E1P to E2P are fast enough to
account for release of P, during turnover. The alternatives
include models in which Na,K-exchange is simultaneous in
contrast to the ping-pong, sequential reaction. From recent data
it is concluded that phosphorylation of the a-subunit is a
necessary condition for hydrolysis of ATP by Na,K-ATPase
both in the presence of Na alone and with Na plus K in the
medium [43, 44] and that E1P-E2P transition rates at 500 s are
among the fastest reactions of the catalytic cycle [44].
Pre-steady state fluxes. Another important test of the E1-E2
scheme and its coupling to ping-pong ion translocation is the
measurement of pre-steady-state fluxes of Na and K in
single turnover cycles. Forbush [45] loaded right-side-out yes-
ides with caged ATP and initiated a single turnover of the pump
with a flash of light. Karlish and Kaplan [45] measured ATP-
dependent uptake of 22Na in reconstituted vesicles at 00. Both
experiments show an initial burst of 22Na uptake reflecting
transfer in the first turnover of the Na,K-pump which is
insensitive to K at the extracellular surface. The time of
appearance of the burst shows that Na-transport involves more
steps than formation of E1P and that Na efflux is an early
event in the pump cycle relative to K influx. Thus, in the first
Na,K-ATPase in the kidney 15
1.0
0.8
>
0.6
0 01020 40 60 80 100
150140130 110 90 70 50
Cation concentration, m
Fig. 6. Activity of pure renal Na,K-ATPase as afunction of Na, K*,
and ATP concentrations. Initial rates of ATP hydrolysis were measured
at the concentration of ATP and cations indicated in the graph in 3 mri
MgCI2, 30 mri histidine, pH 7.5, and 37°C. Isotonicity was maintained
by exchanging NaC1 and KCI.
turnover of the pump the ions are transported in sequence, Na4
first and then K , consistent with the ping-pong, sequential
mechanism of Na,K-transport.
Control of the rate of the reaction cycle
In the reaction cycle in Figure 5 the rate-limiting step is the
conformational transition E2-E1, and this step seems also to be
the control point of the reaction cycle both in vitro and in the
tubule cells. At low concentrations of ATP, the rate-limiting
steps are the transition from E2K to E1 KATP and the release of
K4 from the occluded state. In conditions where cytoplasmic
[K4] increases or the substrate ATP is in short supply, this
mechanism will slow the rate of ion movements. This is
illustrated by the decrease in rate at a given Na/K ratio when
ATP drops from 1 to 0.2 m, Figure 6. A variation of ATP
concentration in the range close to the cellular concentration of
ito 3 m has little influence on the rate of ATP splitting. In this
range the rate is determined by the cytoplasmic Na/K ratio. At
the relatively low ratios of lONa/140K or 2ONaJl3OK in the
tubule cells [9], the data in Figure 6 predict that the molecular
activity of the pump should be only 5 to 20% of the maximum,
that is, 10 to 35 AlP/sec or 30 to 105 Na/sec. In this range of
cation concentration the rate increases greatly with cytoplasmic
[Nat]. A doubling of the rate will be the consequence of even
a small increase from 15 to 24 mri Nat In the next section
these predictions from the behavior of isolated Na,K-ATPase
will be compared with the actual molecular activities for Na4
calculated from data in Table 1.
The concentration of Na,K-pumps in tubule cells
Turnover rates or molecular activities (sec) for ATP and
Na can be calculated from Na,K-ATPase activities or Na-
transport rates (pmoles/sec cm) if the concentration of Na,K-
pump sites (pmoles/cm) can be determined in microdissected
segments. Micromethods that are sensitive enough to determine
the number of [3H]-ouabain binding sites in short microdis-
sected nephron segments have been developed only recently
[47]. The total [3H]-ouabain binding was determined in medium
containing vanadate and phosphate to stabilize the pump pro-
tein in the E2P- or E2V-form which traps ouabain with high
affinity. Binding could be measured in the same number of
discrete microdissected nephron segments, 4 to 7 pieces 0.2 to
1.2 mm long, as the Na,K-ATPase activity in direct assays
using [32P]-ATP. [3H]-ouabain binding was unaffected by
premeabilization by osmotic and thermic shock while these
maneuvers greatly increase Na,K-ATPase activity. This dem-
onstrates that Na,K-ATPase is located in basal membranes with
ouabain binding sites exposed at the membrane surface acces-
sible from the tubule periphery or the blood side. This new
technique for estimating the number of [3H]-ouabain sites per
tubule length in microdissected segments is particularly prom-
ising for assessing hormone effects on Na,K-ATPase. It will
now be possible to determine if a change in the rate of
Na-pumping is due to an effect of the hormone on the number of
Na,K-pump sites or if it affects the molecular activity.
The data in Table 1 demonstrate that the concentration of
pump sites show the same variation as previous estimates of
Na,K-ATPase activities with very high values, 40 to 50 million
sites/cell in distal convoluted tubule (DCT) and MAL. For
comparison, there are about 500 Na,K-pump sites in a human
red cell. In thin limbs of Henle, [3H]-ouabain binding levels are
very low and close to the sensitivity limit of the method. This
confirms previous observations of very low Na,K-ATPase
activities in the thin limbs, 0 in ATLH, and 0.3 to 0.7 pmoles/
sec • cm in DTLH [48, 49].
Calculation of turnover for ATP or Na4 shows that the
molecular activity for ATP was variable, in a range between 30
and 161 sec' and generally higher in proximal than in distal
tubular segments. The Na,K-ATPase activities are determined
in media (Na, 50 mi; K, 5 mM; Mg, 10 mM; ATP, 10 mM) [50]
or (Na, 100 mM; NH4, 67 mM; Mg, 3.7 mM; AlP, 1.1 mM) [48]
that are supposed to give maximum velocities of ATP hydroly-
sis. The large variation therefore suggests that demasking of
latent activity may not be complete in all segments. Na trans-
port rates are measured at the actual Na/K ratios and ATP
concentrations prevailing in the cytoplasm of the isolated
tubules. In Table 1 molecular activities for Na4 in isolated
tubules are shown to be within the range predicted from Figure
6 (30 to 105 Nalsec) for DCT and cortical collecting tubule
(CCT), while they are two- to fourfold higher in per recta (PR)
and cortical thick ascending limb of Henle (CAL). A likely
explanation for this variation is that cytoplasmic Na/K ratios
are higher in some trypsinized or microdissected tubules than in
the native kidney cells.
Function and regulation of the Na,K-pump in
proximal tubules
In PCT the active solute resorbtion is driven by the Na,K-
pump, and it provides the osmotic gradient across the tubule
that is the driving force for fluid transport [51]. There is a direct
correlation between the rate of volume absorption and the
difference in osmolality between luminal fluid and resorbate in
proximal tubules. Data in Table 1 show that the activity of
Na,K-ATPase and the concentration of [3H]-ouabain binding
sites per centimeter of proximal convoluted tubules (PCT) is 50
to 60% of those in MAL and DCT. Previous measurements on
freeze-dried samples gave relatively low values for the activity
0
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Table 1. Concentration of Na,K-purnp sites and molecular activity of Na,K-ATPase in microdissected nephron segments from rabbit kidneya
[3H]-ouabain bindingt
Na,KATPasec
pmolesIseccm
Natransportd
pmoles/sec cm
Molecular
ATP/sec
activity
NalsecSegment pmoleslcm sites/cell x 1O
PCT 0.109 25 7.6—17 19.5 70—161 179
PR 0.033 10 1.7—3.8 7.9 52—115 239
MAL 0.213 41 7.8—21 40 37—97 188
CAL 0.051 10 4.7—5.2 13.2 90—102 259
DCT 0.315 50 9.4—25 18.6 30—80 59
CCT 0.068 8 2.6—3.8 5.0 39—56 74
MCT 0.027 3 1.3—3.2 48—119
Abbreviations: PCT, proximal convoluted tubule; PR, pars recta; MAL, medullary thick ascending limb of Henle; CAL, cortical collecting
tubule; DCT, distal convoluted tubule; CCT, cortical collecting tubule; MCT, medullary collecting tubule.
a Molecular activity (sec) was calculated by dividing Na,K-ATPase activities or Na-transport rates (pmoles/sec cm) with capacities for
[3H]-ouabain binding (pmoles/cm). For calculation of the number of sites per cell, the binding capacity was divided by estimates of the number of
cells per tubule length [12, 45].
[471.
[47, 48, 50].
[48, 49].
per unit weight of PCT [52]. The recent data agree with
estimates that the Na,K-pump is responsible for 33% of solute
reabsorption in PCT [9]. In PCT Na only enters the cytoplasm
in coupling with other solutes, for example, glucose,
aminoacids, and phosphate. In the first part of the PCT the rate
of net solute reabsorption therefore depends on the load of
glucose, aminoacids, phosphate, or other substrates for the
Na-gradient driven carriers.
The maximum capacities for glucose and aminoacid resorb-
tion in isolated proximal tubules are close to or lower than the
Na-transport capacity estimated from the content of Na,K-
ATPase in PCT [91. It is a common observation that the
maximum rate of transport of phosphate decreases if the supply
of glucose or aminoacids is increased. Pitts [53] suggested that
these transport processes share a common step. Assuming that
carriers for glucose, aminoacids, and phosphate are located in
the same cells as illustrated in Figure 1, it is conceivable that the
three substrates may compete for the transport energy and that
the common step in the reabsorbtion process is the maintenance
of .tNa by the Na,K-pump.
Regulation of NaC1 transport in MAL
In segments with large capacities for Na-transport, precise
cellular control of cation concentration and cell volume is
required to protect the cell from extinction by flush through
[54]. Relative to cell volume the MAL has a particularly high
concentration of Na,K-pump sites and a high rate of active
Na-transport, 40 pmoles/sec cm tubule. In 1 cm of MAL the
content of Na can be estimated to be about 177 pmoles Na/cm
assuming that the cytoplasmic activity is 15 m or 15
imoles/cm3. If in 1 sec 40 pmoles passes 1 cm MAL, it means
that an amount equal to the total amount of cytoplasmic Na
will enter and leave the cell cytoplasm every 4 to 5 sec. The rate
of Na-transport, 40 pmoles/cm sec with 0.21 pmoles Na,K-
pump sites/cm (Table 1) corresponds to 188 Na/sec per pump
site. This is about one-third of the maximum molecular activity
of the Na, K-pump. Considerable variations around this rate can
be expected as a function of variations of the Na-load on the
MAL. The extent to which this variation of pump rate involves
changes in cytoplasmic ion activities is not known, but the cell
possesses mechanisms for precise coordination of Na,K-pump
rate with the Na and K conductances across lumen and basal
membranes.
The important function of the thick ascending limb of Henle
(TAL) in mammalian kidney is to dilute the tubule fluid by
reabsorbing NaCI in excess of water and thus provide osmotic
gradients for concentrating or diluting the urine. The epithelium
has a remarkably low transepithelial osmotic water permeabil-
ity and the reabsorption reduces the NaCl concentration in
tubule fluid to a limiting value in the range 30 to 60 m. The
nature of the active NaCl transport has been the object of
considerable controversy, but many investigators now agree
that transcellular NaCI transport consists of primary active
transport of Na driven by the Na,K-pump and secondary
active transport of CL in coupling with entry of Na across the
lumen membrane [9]. Secondary active transport of CL is
coupled to transport of Na by the Na,K,Cl-cotransport sys-
tem [10, 12, 54]. The cotransporter is inhibited by cytoplasmic
Na suggesting a negative feed-back control mechanism. As
shown in Figure 1 it is assumed that K recycles via a
K-channel through the lumen membrane. This regulation of
K-conductance is important for maintaining the membrane
potential close to the magnitude of the equilibrium potential for
K, thus providing a driving force for conductive flux of CL
from cytoplasm to blood [56]. A barium sensitive K-channel is
present both in lumen and basal membranes and in secretory
epithelia K-channels are stimulated by Ca2 in the range l0_6
to 10—8 M [57].
A protein component of the Na,K,Cl-cotransport system
with M1 34,000 has recently been identified in membranes from
MAL by covalent labeling with [3H]-bumethanide [12]. The
[3H]-bumethanide binding cotransport system appears to be
associated with actin and myosin-like cytoskeleton compo-
nents. This association may be important for regulation of the
rate of entry of ions across the lumen membrane. Both the
Na,K,C1-cotransport system and the barium-sensitive K-chan-
nel from MAL have been reconstituted in phospholipid vesicles
together with the Na,K,Cl-cotrartsport system [58]. The
Na,K,Cl-cotransport protein in MAL may also mediate hor-
mone effects because it is identical to the hormone and cyclic
Na,K-ATPase in the kidney 1
AMP-sensitive Na,K,C1-cotransport system in avian red cells
[54].
These observations open new experimental possibilities for
investigations of the control mechanism of transcellular NaCI
transport in MAL and other epithelia. The association of the
Na,K,Cl-cotransport protein with cytoskeleton, the negative
feedback control by Na of the cotransport process and Ca-
control of K-channels are elements in the control system. The
relationship of these elements in the Na,K-pump is unknown,
but together they form an integrated system for regulation of
rapid transcellular NaCI transport without perturbing cell vol-
ume and ion activities.
Regulation of the concentration of Na,K-ATPase
Role of Na load. A diffuse loss of Na,K-pump sites is seen
after adrenalectomy. It is more pronounced in the outer medulla
than in cortex [59, 60], and it comprises multiple nephron
segments [2, 48, 61, 621. The decrease in Na,K-ATPase activity
is due to a loss of Na,K-pump sites and not to a change in
molecular activity [60, 621. The rate of decline and the level of
Na,K-ATPase after adrenalectomy depends on salt intake. A
high NaCl intake can delay and partly prevent the decrease in
Na,K-ATPase activity after adrenalectomy [591. To explain
this, it has been proposed that the activity of Na or the Na/K
ratio in cytoplasm can control the rate of biosynthesis or
degradation of the enzyme protein [601.
The response of Na,K-ATPase to aldosterone injection also
contrasts the segment specific distribution of hormone recep-
tors. Although aldosterone receptors are absent from MAL [63,
641 Na,K-ATPase activity in MAL in outer medulla increases
slowly after aldosterone injection, during 24 hr in parallel to
restoration of the extracellular pool of Na [60]. This change in
activity was thought to be secondary to an increased Na-load
due to reabsorption of Na by Na,K-pump sites in epithelia
with specific hormone receptors. Even in epithelia with specific
hormone receptors the evidence that ion activities in cytoplasm
may control the rate of biosynthesis deserves attention. The
observation that amiloride blocks the increase in Na,K-ATPase
activity that is seen 3 hr after aldosterone injection to adrenal-
ectomized rabbits [65] suggests that the change in Na,K-
ATPase activity is secondary to a change in rate of entry of Na +
through amiloride-sensitive Na-channels in the lumen mem-
brane.
The role of mineralocorticoids in regulation of Na,K-ATPase
in CCT (Table 2)
Aldosterone augments the rate of active ouabain sensitive
Na-transport across a number of epithelia bordering the extra-
cellular fluid volume from the surroundings. Experimental data
on isolated kidney CCT segments clearly illustrate the unsolved
questions related to mineralocorticoid effects on Na,K-trans-
port. In CCT, there is a high concentration of mineralocorticoid
receptor sites as estimated by [3H]-aldosterone binding (7.1 l0
receptor sites/cm [631) and both short- and long-term changes in
mineralocorticoid concentration in plasma are known to induce
large changes in Na,K-pump rates in CCT.
As seen from Figure 7, the Na,K-ATPase activity in the CCT
varies over a wide range, more than tenfold, as a function of
long-term variations of mineralocorticoid hormone concentra-
Adrenal-
ectomized
Un- Aldos-
treated terone Control DOCA Ref.
Principal cells
Lumen membrane area,
pm2Icm 1O 0.77 0.93 65
Basal membrane area,
p.m2/cm 1O 64 156 65
Na,K-ATPase activity,
pmoles/sec cm 0.59 1.54 1.8—2.6 8.2 48, 50
Na-transport,
pmolesIsec cm 7.1 17.1 67
t3H1-ouabain binding,
pmoles/cm 0.017 0.048 0.068 62
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Fig. 7. Summary of mineralocorticoid effects on Na,K-A TPase activi-
ties [47, 491, [3H]-ouabain binding [46], and basal membrane areas in
principal cells of CCT [65] of New Zealand rabbit kidney. Na-transport
across the tubule varies in parallel with Na,K-ATPase activity from 7.1
pmoles/sec cm in control rabbits to 17.1 pmoles/sec cm in DOCA-
treated rabbits [661, but measurements of Na-transport are not available
for adrenalectomized rabbits.
tion in plasma. The Na,K-ATPase activity falls to 0.6 pmoles/
sec cm after adrenalectomy and may rise to 8 pmoles/sec cm
after administration of pharmacological doses of deoxycorticos-
terone [50, 54] or chronic variation of plasma aldosterone [56,
68]. The molecular mechanism behind these changes is still not
known, but the recent data shown in Figures 7 and 8 provide
answers to some old questions. Ultrastructural analysis, trans-
port assay, and titration of the concentration of [3H]-ouabain
Table 2. Summary of mineralocorticoid effects on Na,K-ATPase
activities, [3H]-ouabain binding, Na-transport and basal membrane
areas in CCT of New Zealand rabbit kidney
Adrenalectomized Control
untreated aldosterone
DOCA
150
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50
0
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Fig. 8. Effect of DOCA-treatment on the basal membrane area in
principal cells in CCT from New Zealand rabbits; A) tubule from
untreated control rabbit; B) tubule from rabbits treated daily with
intramuscular injections of 5 mg DOCA for 11 to 18 days before
sacrifice. (Reproduced with permission from [651)
binding sites allow examination of the cellular localization of
the changes and the variation in Na,K-pump concentration
relative to basolateral membrane area.
Acute adaptation of Na,K-pump rates. In each of the regu-
latory conditions acute changes in Na-transport rate can be
achieved by altering the molecular activity of existing Na,K-
pumps without altering the concentration of pump sites in the
tubule. In control conditions the Na-transport rate in CCT is S
to 7 pmoles Na/cm sec (Table I and Fig. 7). With 0.068 pmoles
Na,K-pump sites/cm, this equals a molecular activity of 75 to
104 Na/see, which corresponds to 14 to 20% of maximum
molecular activity of the Na,K-pump. Theoretically, the Na-
transport rate could be raised five- to sevenfold without altering
the concentration of sites. This is a large reserve capacity for
acute adaptation of the rate of existing pump sites, for example,
in response to an increase in rate of entry of Na across the
lumen membrane in response to aldosterone as demonstrated in
toad bladder [691.
Aldosterone effects after adrenalectomy. Short-term effects
of aldosterone have only been demonstrated after adrenalec-
tomy. Recent data show that there is a parallel change in
Na,K-ATPase activity and [3H]-ouabain binding capacity in
CCT after adrenalectomy and after aldosterone injection [62].
This means that the molecular activity of the Na,K-pump is the
same in each of the regulatory conditions. After adrenalectomy
the concentration of Na,K-pump sites in CCT drops slowly to
reach the new level after 1 week. In contrast to this, the
response to aldosterone injections is relatively fast in some of
the reports, but the rates differ considerably. There are several
reports that aldosterone injection restores Na,K-ATPase activ-
ity in the CCT to the control level within 3 hr both in
adrenalectomized rats [2, 56] and rabbits [651. In rabbits both
Na,K-ATPase activity and [3H]-ouabain binding sites in CCT
reached control levels 3 hr after aldosterone [62]. In recent
experiments on adrenalectomized rats, aldosterone in same
dose (I i.g/100 g day) increased the Na,K-ATPase activity in
CCT more slowly from 48% to reach 73% of control activity
after 24 hr, 106% after 3 days, and 170% after 7 days [70]. In
adrenalectomized mice, the level of Na,K-ATPase activity is
reduced to 40% of control after adrenalectomy, but it remained
unaffected 1 to 3 hr after aldosterone injections [71].
The relatively rapid effect on the concentration of Na,K-
pun'tp sites in some experiments could suggest that aldosterone
affects the rate of synthesis of Na,K-ATPase proteins directly
to induce an acute increase in amount of enzyme. A direct effect
of physiological concentrations of aldosterone at the transcrip-
tional level to increase the amount of mRNA and the rate of
synthesis of cr-subunit of Na,K-ATPase has been demonstrated
in toad bladder [72]. This effect is relatively slow, 20 hr, but it
is insensitive to amiloride. At present the evidence is contro-
versial, since a blocking effect of amiloride in mammalian
kidney suggests that the effect of aldosterone on biosynthesis of
Na,K-ATPase is secondary to an increase in rate of entry of
Na across the lumen membrane [65].
Mineralocorticoid effects on Na-transport, Na,K-ATPase and
baso/ateral membrane area (Table 2)
Chronic changes in capacity for Na,K-pumping are elicited by
physiological concentrations of aldosterone. As a function of varia-
tion in plasma aldosterone from 0 to 217 ngIlOO ml the active Na-flux
from lumen to bath in CCT shows a fourfold variation from 3.5 to 12
pmoles/sec cm with a K1, of 7 ng/lOO ml aldosterone in plasma [67].
This increase in transport rate with increasing aldosterone concen-
tration in plasma is accompanied by parallel amplification of basolat-
eral membrane area of principal cells and Na,K-ATPase activity [68].
In this series enzyme activities are obtained in freeze-dried samples
where activities generally are lower than those in Figure 7 and the
data cannot be expressed in units per centimeter of tubule [68], but
this effect of aldosterone is similar to that shown in Figure 7 for
DOCA.
In rabbits, Na,K-ATPase activity drops slowly to reach
levels about 20% of control after 1 week. It is seen from Figure
7 that the decrease in basal membrane area is more moderate
suggesting a decrease in density of Na,K-pump sites per unit of
membrane area after adrenalectomy. DOCA treatment induces
a threefold increase in Na,K-ATPase activity. In parallel there
is a 2.4-fold increase in Na-transport from lumen to bath in the
isolated perfused CCT. The treatment greatly augments the
area of basal membrane infoldings in the principal cells, but not
in the intercalated cells of CCT [66] (Figs. 7 and 8). The
morphometric measurements on sections shown in Figure 8
show that the basolateral membrane area in principal cells per
centimeter of tubule is increased almost threefold, while the
lumen membrane area remains constant. The density of Na,K-
pump sites in basolateral membranes of the principal cells in
CCT is close to a maximum value in the control situation (6,400
per jsm2) since the density is close to that in pure membrane-
bound Na,K-ATPase (7 to 12.000 per m2). Measurements of
[3H1-ouabain binding sites are not available after DOCA treat-
ment, but the high density of sites in the control situation
suggests that a further increase in Na,K-ATPase activity must
involve a parallel increase in number of Na,K-pump sites and
membrane area with a constant density of pump sites in the
newly synthesized membrane.
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The threefold increase in Na,K-ATPase following DOCA
treatment occurs gradually over about a week [501. In control
rabbits the levels of Na,K-ATPase and [3H1-ouabain binding
sites corresponds to about 0.12 ng pure Na,K-ATPase per
centimeter of CCT or 8 million sites per cell [47]. The new level
reached after 7 to 8 days of treatment with DOCA is 3.3-fold
higher. The time course describing the approach to the new
level of Na,K-ATPase activity after DOCA treatment allows
calculation of the first order rate constant for degradation
kd(time), and the rate of synthesis in the new steady-state,
k(units/time mass), where Na,K-ATPase activity, 8.2 pmoles/
sec cm will be equal to the ratio k/kd [73]. The reported data
give an average kd of 0.19 + 0.04 day. This value is close to
previous estimates of the degradation rate constant [91.
Together the data provide convincing evidence for parallel
changes in Na,K-ATPase activity, Na,K-transport, and baso-
lateral membrane area in CCT as a function of plasma aldoster-
one concentration. The question now is if mineralocorticoids
induce Na,K-ATPase and basolateral membrane selectively or
if the hormone regulates the capacity of other systems in
parallel to changes in capacity for Na,K-pumping. Parallel
measurements of adenylate cyclase and Na,K-ATPase activi-
ties show that the variation in adenylate cyclase activity was
moderate [50]. However, citrate synthetase activity seems to
vary considerably [65], and it appears from the ultrastructural
analysis of CCT in Figure 8 [66, 68] that the density of
mitochondria in the principal cells is increased almost in parallel
to the change in area of basolateral membrane infoldings after
chronic increases of plasma aldosterone or DOCA treatment.
Estimates of the number of amiloride-sensitive Na-channels of
the lumen membrane of CCT are not available, but data from
toad bladder suggest that changes in rate of entry of Na can be
due to altered density of Na-channels in lumen membrane. It is
therefore probable that chronic adaptation of transcellular
Na-transport capacity of CCT involves parallel changes in
amount of Na,K-pumps, Na-channels and in capacity for ATP
supply from mitochondria.
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